Non-magnetic materials of bismuth and zinc were deposited on glass and copper plates used as a substrate under a high magnetic field of 12 T. The substrate was set in perpendicular or parallel to the magnetic field direction at the position of the maximum magnetic field intensity. In the case with the glass substrate, no significant difference in the surface aspect of a film was observed regardless of target materials and the magnetic field direction to the substrate. On the other hand, in the case with the copper substrate, the surface aspect of the zinc film deposited under the magnetic field was different from that under no magnetic field, but no difference was observed in the bismuth film. These experimental results are discussed from the viewpoint of electric conductivity of the substrates and target materials.
Introduction
Superconducting magnets, which can generate a higher magnetic flux density than conventional electromagnets, have become available in a comparatively easy way. Under such high magnetic field, various magnetic effects become tangible in not only ferromagnetic materials but also non-magnetic ones such as paramagnetic and diamagnetic, on which the effects of a magnetic field has been considered to be negligible hitherto. A magnetization force resulted from the magnetic field is classified into two groups. One is known as the force in which a magnet pulls ferromagnetic and paramagnetic materials and repulses diamagnetic ones and the other as the force in which materials are rotated to a magnetic field direction, such as a compass rotates to the north direction due to an earth magnetic field. The former force is mainly usable for magnetic separations, 1) magnetic levitations 2) and measurements of a magnetic susceptibility of materials. 1, 3) The latter is applicable for alignments [4] [5] [6] [7] [8] [9] [10] [11] of crystal orientations and texture structures on the basis of susceptibility difference due to a crystal magnetic anisotropy and a shape one. It is notice that these two functions work in not only magnetic materials but also non-magnetic materials under the high magnetic field. Especially, a large number of materials have different magnetic susceptibilities in each direction of their unit crystal cells so that they may have the possibility to be aligned to a certain direction. Since the material properties depend on their crystal orientations so that controlling of them may provide the improvement of material characteristic. Therefore, the imposition of the high magnetic field to material fabrication processes has been attempted. In this study, bismuth and zinc were deposited under the high magnetic field, and the effect of the high magnetic field on the surface aspect and particle sizes on thin films was examined. * Graduate Student, Nagoya University. Figure 1 shows a schematic view of experimental apparatus. The main part of experimental apparatus consists of a superconducting magnet, a vacuum chamber, a CW-YAG laser and a vacuum pump. The experimental condition is listed in Table 1 . The superconducting magnet generates a magnetic flux density of 12 T as the maximum intensity at the center in a bore with a diameter of 100 mm. The vacuum chamber, into which a target material and a substrate were set, was installed into the bore of the magnet. After glass and copper plates as the substrate were cleaned in ultrasonic bathes with pure water and acetone in sequence, each of them was placed at the position with the maximum magnetic field intensity in perpendicular or parallel to the magnetic field direction. A crucible filled with the target material of 99.999% purity was placed at a distance of 100 mm below the substrate. Bismuth was deposited for 30 min and zinc for 5 min by irradiating the CW-YAG laser (wavelength: 1064 nm, power density: 3 × 10 7 W/m 2 ) on the target material under the atmosphere of 10 −3 Pa in the chamber and their deposition rates were 0.07 µm/min and 0.4 µm/min in bismuth and zinc, respectively. The surface aspect of the thin films was observed by use of a SEM. Figure 2 shows the SEM image of bismuth films deposited on the glass substrate set in perpendicular or parallel to the magnetic field direction. In the both cases, no significant difference in the surface aspect and particle sizes on the thin films were observed regardless of the application of the magnetic field and its direction to the substrate plane.
Experimental

Results and Discussion
The SEM image of bismuth films deposited on the copper substrate is shown in Fig. 3 . Under no magnetic field, the surface aspect of the films did not change greatly in the setting direction of the substrate plane as same as the case of the glass substrate though particle sizes are different so much. When the substrate plane was set in perpendicular to the magnetic field direction, no significant difference is observed in the surface aspect and the particle sizes regardless of the application of the magnetic field. On the other hand, when the substrate plane was set in parallel to the magnetic field direction, the particle sizes became coarser in the imposition of the magnetic field.
The SEM image of zinc films deposited on the glass substrate is given in Fig. 4 . Under no magnetic field, the surface aspect of the films greatly changed in the setting direction of the substrate plane. In the case where the substrate plane was set in perpendicular to the magnetic field direction, the surface of the films was covered with flakes of a thin plane. On the other hand, in the case where the substrate plane was set in parallel to the magnetic field direction, it was covered with flakes of banana shape and their directions were random. Under the magnetic field, no remarkable difference was seen in both directions of the substrate plane. Figure 5 shows the SEM image of zinc films deposited on the copper substrate. Under no magnetic field, the surface aspect was greatly changed in the direction of the substrate plane as well as the case of the glass substrate. It is noticed that under the magnetic field, flakes of banana shape, which were randomly distributed under no magnetic field, were aligned to the magnetic field direction, to which the substrate plane was set in parallel. The reason why the convex of flakes of banana shape slightly turns to the left direction is now under studying.
This experimental result can be explained as the effect of Lorentz force as following; The surface SEM images of zinc films deposited on glass substrate set in perpendicular and parallel to the magnetic field direction.
When a particle with an electric conductivity σ p crosses magnetic field lines with a velocity v on a substrate with an electric conductivity σ s , a current density is induced between the particle and the substrate. Then, we assume the circuit with a series connection of resistances of the substrate and the particle. The induced current density that flows in the substrate can be expressed as:
where S and l are a contacting surface area and a contacting length between the substrate and the particle, respectively. And subscripts s and p mean the substrate and particles, respectively. The current density depends on not only conductivities of the substrate and particles but also the surface areas and lengths between them. Then, Lorentz force F(= J × B) due to the interaction between the current and the imposed magnetic field works to suppress the motion of particles. Thus, this force depends on the conductivities of the substrate and particles. The effect of the imposition of the magnetic field appeared clearer in Fig. 5 than Figs. 2, 3 and 4. This reason can be explained by Lorentz force because the value of the product of σ p and σ s in the combination of conductivities of zinc and copper is larger than the other ones as listed in Table 2 . In the case where the substrate plane was set in perpendicular to the magnetic field direction, Lorentz force constrains the motion of particles in any direction on the plane surface. Then, particles could be locally coalesced to be nucleus, from which crystals may grow independently.
On the other hand, in the case where the substrate plane was set in parallel to the magnetic field direction, Lorentz force suppresses the motion of particles in the direction crossing the magnetic field lines but it does not work along the magnetic field lines so that crystals may grow along the magnetic field direction. This is considered to be the reason why the surface is covered with flakes of banana shape, which are aligned to the magnetic field direction as seen in Fig. 5 . In the case where bismuth was vapor-deposited on the copper substrate under the magnetic field, particles became coarse, but they were not aligned to the magnetic field direction and their shape was not deformed in the banana shape, as shown in Fig. 3 . The reason why the surface aspect shown in Fig. 5 is different from that in Fig. 3 could be that the conductivity of bismuth is smaller than that of zinc. That is, Lorentz force in the combination of bismuth and copper is weaker than that in the combination of zinc and copper as be understood from eq. (1). Therefore, Lorentz force in the case of bismuth might not so strong that crystals were not aligned to the magnetic field direction, but it might predominate enough to coarsen crystals.
Conclusion
In order to study the effect of a high magnetic field on the surface aspect of films and particle sizes, zinc and bismuth of non-magnetic materials were vapor-deposited on glass and copper plates. The following results have been obtained.
(1) In the case where bismuth was vapor-deposited, no significant difference was observed in the surface aspect regardless of the substrate materials and the imposition of the magnetic field.
(2) In the case where zinc was vapor-deposited, the surface aspect was greatly changed with the setting direction of the substrate plane and the imposition of the magnetic field.
(3) The difference of the surface aspects appearing in the shape of particles is explained from the view point of Lorentz force.
